Many monogenic disorders, including the muscular dystrophies, display phenotypic variability despite the same disease-causing mutation. To identify genetic modifiers of muscular dystrophy and its associated cardiomyopathy, we used quantitative trait locus mapping and whole genome sequencing in a mouse model. This approach uncovered a modifier locus on chromosome 11 associated with sarcolemmal membrane damage and heart mass. Whole genome and RNA sequencing identified Anxa6, encoding annexin A6, as a modifier gene. A synonymous variant in exon 11 creates a cryptic splice donor, resulting in a truncated annexin A6 protein called ANXA6N32. Live cell imaging showed that annexin A6 orchestrates a repair zone and cap at the site of membrane disruption. In contrast, ANXA6N32 dramatically disrupted the annexin A6-rich cap and the associated repair zone, permitting membrane leak. Anxa6 is a modifier of muscular dystrophy and membrane repair after injury.
Many monogenic disorders, including the muscular dystrophies, display phenotypic variability despite the same disease-causing mutation. To identify genetic modifiers of muscular dystrophy and its associated cardiomyopathy, we used quantitative trait locus mapping and whole genome sequencing in a mouse model. This approach uncovered a modifier locus on chromosome 11 associated with sarcolemmal membrane damage and heart mass. Whole genome and RNA sequencing identified Anxa6, encoding annexin A6, as a modifier gene. A synonymous variant in exon 11 creates a cryptic splice donor, resulting in a truncated annexin A6 protein called ANXA6N32. Live cell imaging showed that annexin A6 orchestrates a repair zone and cap at the site of membrane disruption. In contrast, ANXA6N32 dramatically disrupted the annexin A6-rich cap and the associated repair zone, permitting membrane leak. Anxa6 is a modifier of muscular dystrophy and membrane repair after injury.
dystrophin | muscle | plasma membrane D ystrophin and its associated proteins stabilize the plasma membrane of muscle fibers (1) . Mutations that disrupt dystrophin produce a fragile sarcolemma susceptible to contraction-induced damage and muscle fiber disruption (2) . The dystrophin complex, which includes dystroglycan and the sarcoglycans, provides a mechanically strong link between the cytoskeleton and the extracellular matrix (3) . Genetic loss of the sarcoglycan complex similarly weakens the sarcolemma, rendering it leaky and susceptible to damage (4) . Dystroglycan adheres directly to the extracellular matrix in a manner dependent on its glycosylation status, underscoring the necessity of the membrane-matrix link for normal sarcolemmal function (5) .
Genetic modifiers can alter the outcome in muscular dystrophy (MD). The primary gene mutation in Duchenne and Becker muscular dystrophy (DMD/BMD) is the strongest determinant of outcome, but other genes also influence clinical manifestations. Mutations in γ-sarcoglycan (SGCG) cause Limb-Girdle mucular dystrophy 2C (LGMD2C), which is characterized by MD and cardiomyopathy similar to DMD. The SGCG mutation Δ521-T is associated with a variable age of ambulatory loss and severity of cardiopulmonary involvement (6) . The γ-sarcoglycan (Sgcg) mouse model closely mimics the phenotype seen in humans with LGMD2C (7) . The severity of disease is highly dependent on genetic background pointing to a role for genetic modifiers (8) .
The major cause of death in MD is cardiopulmonary failure. The major respiratory muscle, the diaphragm, is severely diseased in DMD and the LGMDs, a process well replicated in the mdx and Sgcg mouse models (7, 9) . In DMD patients, accessory muscles become recruited to maintain breathing, and this includes the intercostal and abdominal muscles (10) . In MD, cardiopulmonary involvement is highly variable. In brothers with dystrophin mutations, approximately half the sibships had significantly different courses of respiratory involvement (11) .
We used quantitative trait locus (QTL) mapping in the Sgcg mouse model of MD to identify modifiers. A region on chromosome 11 was found to significantly modify membrane damage in the abdominal muscles and also modify right ventricle mass, genetically linking traits relevant to cardiopulmonary function. Whole genome sequencing combined with RNA sequencing identified variation in Anxa6 that correlated with these traits. The severe DBA/2J allele creates a cryptic splice donor site that truncates the annexin A6 protein generating a carboxy-terminally truncated annexin A6, called ANXA6N32. The annexins are calcium-dependent membrane binding proteins involved in membrane repair (12) . Live cell imaging demonstrated that annexin A6 was recruited rapidly to sites of sarcolemma disruption after laser induced damage, forming a tight cap over a vesicle-rich repair zone. ANXA6N32 disrupts the cap and repair zone, causing visible leak. Anxa6 modifies MD because annexin A6 orchestrates sarcolemmal repair.
Results

Chromosome 11 Modifies Abdominal Muscle Membrane Damage and
Right Ventricle Mass. QTL mapping was performed using the Sgcgnull mouse model of LGMD2C (7) . The Sgcg-null mutation in the DBA/2J (D2) mouse background results in severe disease with significant muscle membrane damage and fibrosis (8) . In Significance Many forms of muscular dystrophy produce muscle weakness through injury to skeletal muscle myofibers and specifically disruption of the muscle plasma membrane. Using a mouse model of muscular dystrophy in a genetically diverse background, a genome-wide scan for genetic modifiers was undertaken. A modifier locus that altered plasma membrane leak was interrogated, and a splice site variant in Anxa6, encoding annexin A6, was identified. The Anxa6 splice site produces a truncated annexin A6 protein. The truncated annexin A6 protein was found to inhibit membrane repair by disrupting the formation of the normal annexin A6-rich cap and repair zone. These data demonstrate annexin A6's role in muscle membrane leak and repair in muscular dystrophy.
contrast, the Sgcg mutation on the 129T2/SvEmsJ (129) background is milder. A phenotypically and genetically diverse F 3 QTL mapping cohort was created by interbreeding severe D2 (Sgcg
D2
) and mild 129 (Sgcg 129 ) Sgcg-null mice (Fig. S1 ). One hundred sixty-three Sgcg D2/129 F 3 animals were phenotyped at 8 wk of age by measuring mass of muscle groups and Evans blue dye content as a marker of membrane leak (13) .
The F 3 cohort was genotyped with nearly 2,000 SNP markers. QTLRel was used to identify modifier loci (14, 15) . A chromosome 11 locus associated with abdominal muscle dye uptake, a measure of membrane damage. An overlapping chromosome 11 QTL was found to associate with right ventricle mass (Fig. 1) . The confidence interval for abdominal muscle membrane damage extended from 25.9 to 36.4 cM. The confidence interval for the right ventricle mass QTL spanned from 27.3 to 43.2 cM. The QTLs overlapped in a region that extends from 27.3 to 36.4 cM. To identify genomic variation, we compared genome sequences of the DBA/2J and 129T2/SvEmsJ parental strains. The DBA/2J sequence derived from the Wellcome Trust database [24.7× coverage, ∼4.46 million SNPs, and 868,000 indels vs. the C57BL/6J reference (16) ]. The 129T2/SvEmsJ substrain genome sequence was determined and aligned to the C57BL/6J (B6) mouse reference genome, version mm9; 52.5× coverage was achieved with ∼5.2 million SNPs and 1.9 million indel vs. the referent genomes. To identify polymorphisms between the 129 and D2 genomes, the DNA variants from each genome were compared to the referent B6 genome (Fig. S2) .
Genic Variation in the Chromosome 11 QTL Identified Anxa6 as a Modifier. QTL mapping targeted a smaller region of the chromosome 11 interval, which derived from an analysis using 2,313 markers and was completely embedded within the larger chromosome 11 interval. The interval spans 7.8 Mbp and contains 116 protein-coding genes, 80 of which are named genes (Table  S1 ). Olfactory receptor genes (44 genes) were excluded from this count and analysis because of the low likelihood of their involvement in muscle and heart disease. Of the 80 genes, 20 genes contained genic variation between the parental strains (Fig. S2) . RNA sequence data from WT and Sgcg hearts was compared using Tophat and Cufflinks (17, 18) . The most highly expressed gene with protein coding variation was Anxa6.
Anxa6 variants between the parental strains are indicated in Fig. S3 . To examine how these variants altered Anxa6 transcripts, RT-PCR was performed using RNA from heart and abdominal muscle of WT and mutant animals from each strain (WT , and Sgcg 129 ). The entire coding mRNA of Anxa6 (exons 2-26) was interrogated, and an additional RT-PCR product, Anxa6′, was identified from heart and abdominal muscle from the DBA/2J strain. Anxa6′ derived from a splice junction between exons 11 and 15, disrupting the normal Anxa6 reading frame ( Fig. 2A) . Primers specific to the novel exon 11-15 junction confirmed this alternative product in mRNA from DBA/2J muscle and heart ( Fig. 2A) . The alternative splice junction occurs in the middle of each exon and is consistent with the use of cryptic splice donor and acceptor sites. Anxa6′ was expressed at much lower levels than the conventional transcript.
Anxa6′ is associated with rs26961431 in Anxa6 exon 11, and this G/A variant predicts an alternate exonic splice donor in exon 11 ( Fig. S3) . A second variant, 18 bp upstream of the Anxa6 alternate splice junction in exon 15, may also contribute because these are found together. The 162 Sgcg animals used for mapping were genotyped for rs26961431 to determine correlation with muscle membrane damage and right ventricle mass. Both traits were significantly different based on genotype (one-way ANOVA, P = 0.0013 and P = 0.0168, respectively; Fig. S4 ). The DBA/2J G allele associated with more severe phenotype for both traits, increased muscle membrane damage, and greater right ventricle mass. Increased mass in the right ventricle, or hypertrophy, is a known pathological trait (19) . For right ventricle mass, the G variant had a dominant effect. The mode of inheritance of rs26961431 on muscle membrane damage is less clear. The chromosome 11 region containing Anxa6 was found to associate with right ventricular hypertrophy when analyzing an independent cohort of Sgcg mice in a mixed D2 and MRL background ( Fig. S4) (20) .
Smaller ANXA6 Protein Product Is Detected in DBA/2J. The annexins are a family of calcium-dependent phospholipid binding proteins (21) . Annexins typically contain four annexin repeats with the exception of ANXA6, which contains eight annexin repeats (Fig. 2B ). Anxa6′ encodes a protein truncated from 673 to 265 amino acids, removing the four carboxyl-terminal annexin repeats. An amino-terminal anti-annexin A6 antibody detected robust expression of annexin A6 in Sgcg hearts from both the D2 and 129 backgrounds. An additional 32-kDa product, referred to as ANXA6N32, was detected in Sgcg D2 hearts (Fig. 2C ). ANXA6N32 protein was expressed at lower levels than fulllength annexin A6 but was consistently detected in Sgcg D2 hearts and was not seen with a carboxyl-terminal antibody. ANXA6N32 was also detected in Sgcg D2 abdominal muscle (Fig. 2D ). On longer exposure, the ANXA6N32 protein product could be detected in WT D2 heart and in Sgcg 129 abdominal and heart muscle. Expression of the alternate transcript and protein in the 129 strain is not surprising given the nature of the sequences surrounding the Anxa6 splice junctions. The level of ANXA6N32 was always higher in tissues from the D2 strain. The synonymous variant present in D2 creates a cryptic splice donor, albeit an inefficient one, and it is possible that the A allele is also used as a splice donor but at even lower frequency.
DBA/2J and C57BL/6J Muscle Is More Susceptible to Membrane Damage. The C57BL/6J (B6) and DBA/2J (D2) inbred strains share a haplotype in the Anxa6 region of chromosome 11 so that B6 has the same Anxa6 variants as D2. Expression of the Anxa6 exon 11-15 splice form was seen in B6 heart and muscle (Fig.  3A) , confirming a relationship between the genetic interval and the alternative transcript. Strains expressing the alternate Anxa6 transcript and protein are expected to have increased sarcolemmal damage. To assess sarcolemmal damage and repair, the plasma membrane of isolated muscle fibers was disrupted with a laser in the presence of FM4-64 dye (22, 23) . FM4-64 is a lipophilic dye that exhibits low fluorescence in water and does not cross intact membranes (24) . Myofiber fluorescence before injury is low, and FM4-64 increases fluorescence intensity when exposed to lipid membranes during injury. After laser damage, FM4-64 dye uptake was minimal in WT 129 myofibers (Fig. 3 B , and WT B6 myofibers as Movies S1-S3, respectively. Fibers from B6/129 intercrossed mice displayed slower repair compared with 129 fibers, indicating that low levels of Anxa6′ are sufficient to reduce membrane repair (Fig. S5) . Additionally, WT D2 and WT B6 myofibers had excessive FM4-64 leak (white arrows shown in Fig. 3B ), suggestive of defective membrane patching. Thus, there was slowed muscle membrane repair in the WT D2 and WT B6 strains expressing ANXA6N32. ]. An additional protein, ∼32 kDa (32), referred to as ANXA6N32, was present at higher levels in Sgcg hearts from the severe D2 background compared with those from the mild 129 background. (D) ANXA6N32 was expressed in abdominal muscle at higher levels in Sgcg from the D2 background. On longer exposure, ANXA6N32 could be detected in Sgcg 129 tissues at lower levels. Sgcg tissues expressed higher levels of ANXA6N32 than WT; 129 WT tissue expressed no or very little ANXA6N32. Fig. 3 . The presence of ANXA6N32 correlates with increased laser-induced membrane damage and slower membrane repair. (A) The D2 and B6 inbred strains of mice share a haplotype distinct from 129 in the chromosome 11 region of Anxa6. B6 mice also carry the SNPs that produce the Anxa6 alternative splice form. RT-PCR was performed on abdominal muscle and heart samples. In abdominal muscle, the alternate product is detected in only D2 and B6 samples (red arrows). The expected PCR product from full-length Anxa6 at ∼500 bp is detected in all samples. The same results are seen in heart tissue (Lower). (B) To assess sarcolemmal damage and repair, laser damage was induced in the presence of a lipophilic dye FM4-64. FM4-64 fluorescence increases until membrane resealing is complete. Damaged WT 129 myofibers had minimal FM4-64 influx at 156 s after laser induced membrane disruption. WT D2 and WT B6 myofibers, both of which express endogenous Anxa6′ splice form, had dramatic FM4-64 dye influx during the same time after injury (156 s, arrowheads). FM4-64 extravasation was also detected in WT D2 and WT B6 fibers (white arrows) consistent with ineffective and inefficient membrane repair. (Scale bar, 5 μm.) (C ) The amount of FM4-64 entry into myofibers was quantified after laser damage. Fibers from the 129 strain resealed more efficiently than those from the D2 or B6 strains.
ANXA6N32 Disrupts Membrane Repair. ANXA6-GFP and ANXA6N32-GFP plasmids were electroporated into myofibers to examine protein translocation in live cells after laser wounding. WT 129 fibers were used to avoid endogenous ANXA6N32 protein, and FM4-64 was used to mark membrane damage. Before laser wounding, both ANXA6-GFP and ANXA6N32-GFP localized in a distinct, striated pattern at the Z-band, consistent with the known localization of endogenous annexin A6 (21) (Fig. 4A ). Within 30 s of laser disruption, ANXA6-GFP was recruited to a cap at the site of sarcolemma damage (Fig. 4A, top row) in all fibers damaged (n = 9/9, 100%). This area correlated with the FM4-64 accumulation, representing vesicles recruited to the site of injury. In comparison, ANXA6N32-GFP formed a repair cap poorly or not at all (in four of nine FM4-64-positive fibers, 44%; P = 0.008; Fig. 4B) . A representative ANXA6N32-GFP fiber forming a repair cap is shown (Fig. 4A, third row) . In the 44% of ANXA6N32-GFP fibers that formed a repair cap, the cap was significantly smaller than the cap formed by full-length ANXA6-GFP ( Fig. 4B ; P < 0.006).
At the site of membrane disruption immediately under the annexin cap, there was a GFP-negative area enriched for FM4-64 dye, which we termed the repair zone. The repair zone was always distinctly seen with ANXA6-GFP and was buttressed by a clear striated pattern underlying the zone. In contrast, truncated ANXA6N32-GFP formed a hazy repair zone, characterized by a disrupted striated pattern and premature closure (arrowhead) in 55% (n = 5/9 fibers). This premature closure of ANXA6N32-GFP repair zones differed from ANXA6-GFP repair zones where 100% (n = 9/9) repair zones persisted past 5 min of imaging (P = 0.02; Fig. 4B and Movies S4-S7). Strikingly, five of nine (55%) ANXA6N32-GFP fibers leaked FM4-64 dye, whereas only one of nine (11%) of ANXA6-GFP fibers leaked dye (P = 0.04), consistent with ineffective repair of the disrupted membrane. ANXA6N32 induced delayed repair, seen as increased internalized FM4-64 (Fig. 4C ). Fibers were scored for low and high level ANXA6N32-GFP expression, and membrane repair was equally slow in both, indicating that very low levels of ANXA6N32 are sufficient to disrupt repair (Fig. S5) . Expression of both fulllength ANXA6-GFP and ANXA6N32-mCherry demonstrates that the presence of ANXA6N32 interfered with normal membrane repair (Fig. 4D) .
Altered ANXA6 Expression in MD. Sgcg muscle from the severe DBA/2J (Sgcg D2 ) and mild 129T2/SvEmsJ (Sgcg 129 ) strains was studied using an antibody to the amino terminus of annexin A6 (Fig. 5) . Fibers with Evans blue dye uptake (red opacification indicative of a disrupted sarcolemma) showed membrane-associated annexin A6 staining in Sgcg 129 muscle. Membrane-associated annexin A6 was reduced from the sarcolemma in the Sgcg D2 muscle compared with the Sgcg 129 muscle (Fig. 5) . A similar pattern was seen in Sgcd muscle lacking δ-sarcoglycan (25) . Sgcd 129 muscle showed more membrane associated annexin A6 immunoreactivity, whereas Sgcd B6 , with the same Anxa6 haplotype as the D2 strain, showed less membrane-associated annexin A6 (Fig. S6) . Dysferlin, a protein implicated in membrane repair, colocalized with annexin A6 (Fig. S6 ). Together these data are consistent with ANXA6N32 interfering with the membrane recruitment of full-length annexin A6.
Discussion
Annexin A6 as a Modifier of Injury and Sarcolemmal Repair. The annexins are calcium-dependent membrane binding proteins found at the Z band or transverse tubules in heart and skeletal muscle (26) . Annexin A6 is an atypical family member with eight instead of four annexin domains. Annexins bind both calcium and phospholipids, and with sarcolemmal disruption there is both an influx of calcium and exposure to distinct phospholipids (12) . Using a zebrafish model, it was shown recently that dysferlin, a membrane repair protein, and annexins A1, A2, and A6 assemble at the site of sarcolemmal damage (27) . Dysferlin mutations lead to MD, and loss of dysferlin is associated with slower membrane resealing after laser-induced disruption (22) . Dysferlin was also previously shown to interact with annexins A1 and A2 to help regulate membrane resealing (28) . These data support a role for annexin A6 broadly in membrane injury beyond muscle disease.
The dystrophin complex regulates stability of the sarcolemma, as the absence of dystrophin alters mechanical compliance rendering muscle more susceptible to damage (1). Dysferlin deficient muscle is defective in fiber repair rather than its promotion of muscle injury. Dysferlin deficiency exacerbates the Fig. 4 . ANXA6N32 disrupts membrane resealing after membrane injury. WT 129 myofibers were electroporated with ANXA6-GFP or ANXA6N32-GFP for live cell imaging after laser damage. (A) ANXA6-GFP (green) readily formed a distinct cap at the site of membrane disruption (arrow). This cap was visible by 26 s and persisted at 316 s after laser disruption. Concurrent imaging for FM4-64 showed that the cap forms over a vesicle-rich area devoid of annexin A6, referred to as the repair zone. In contrast, truncated annexin 6, ANXA6N32-GFP, formed a much smaller cap. The FM4-64 rich repair zone with ANXA6N32 was disorganized and hazy (compare GFP images at 316 s, arrowhead) and was frequently associated with leak of FM4-64 (dashed arrow). (Scale bar, 5 μm.) (B) Quantitation of laser experiments indicating that ANXA6N32 was associated with statistically smaller repair caps and leak. Full-length ANXA6-GFP formed a repair cap in 100% of damaged fibers. ANXA6N32-GFP formed a repair cap in only 44% of damaged fibers with a smaller mean size of the repair cap in those fibers that formed a cap (P < 0.006, n = 9). The repair zone of ANXA6-GFP persisted through 5 min in 100% of fibers, whereas the repair zone in ANXA6N32-GFP fibers persisted in only 55% of fibers. FM4-64 leak from the fiber occurred in 55% of ANXA6N32-GFP fibers at the site of damage, whereas only one ANXA6-GFP fiber (11%) showed FM4-64 efflux. (C) FM4-64 entry was quantified showing delayed repair with ANXA6N32 compared with ANXA6. (D) Expression of ANXA6-GFP along with ANXA6N32-mcherry (mC) demonstrated that ANXA6N32 disrupted the repair zone and cap formed by ANXA6, consistent with a dominant negative effect.
phenotype in the dystrophin-deficient mdx mouse (29) . In zebrafish, the combination of dysferlin and annexin 6 depletion generated a more severe myopathic process (27) suggesting that Anxa6 is modifier of multiple forms of MD.
Annexin A6 in MD. Because genetic modifiers act in a non-Mendelian manner to alter the phenotype in question, the comparatively low levels of Anxa6′ and ANXA6N32 are highly consistent with its role as a modifier of MD and sarcolemmal injury. The annexin repeats that make up the core domain of the annexin proteins contain calcium-binding sites and are thought to be the site of interactions between the protein and membrane structures (30) . Expression of even low levels of ANXA6N32 was associated with impaired membrane resealing. The level of expression of ANXA6N32 was ∼2% of the total annexin A6 protein, and the modifier effect explains ∼7% of the variance. Therefore, even small amounts of ANXA6N32 at the site of membrane damage decrease efficiency of membrane repair.
Although annexin A6 was identified as a modifier affecting abdominal muscles and ventricular mass, it would be expected to act in most if not all muscle groups. The D2 strain was previously noted to disrupt myoblast fusion in the mdx mouse model, and there are other QTLs that modify muscular dystrophy in the D2 strain (31, 32) . Membrane repair and membrane fusion share some of the same molecular machinery (33) . Because membrane fusion is necessary for myoblast fusion and muscle growth, it is possible that truncated annexin A6 imparts some of its effect by reducing muscle regeneration. Inefficient regeneration would exacerbate muscle damage in the context of increased demand for membrane resealing.
Modifiers of Cardiopulmonary Function in Muscle Disease. With disruption of the dystrophin complex, the heart and respiratory musculature is susceptible to the same injury program as limb skeletal muscles. Membrane damage, marked by dye uptake, is thought to reflect an early stage in pathogenesis because it signifies sarcolemmal interruption. Right ventricular hypertrophy is pathological in most settings (19) . It is possible that the increase in mass from Anxa6′ arises because of respiratory muscle impairment, deriving from failed diaphragm and abdominal muscles, as accessory muscles of respiration. Severe muscular dystrophy is sufficient to induce cardiomyopathy (34) and gene therapy to rescue the diaphragm muscle improves cardiac function, underscoring the interrelationship in cardiopulmonary disease (35) .
Anxa6 is highly expressed in cardiomyocytes and so the effect of Anxa6 on ventricular mass may be a direct effect. Loss of Anxa6 in cardiomyocytes is associated with an increase in the degree of shortening and rates of contraction and relaxation (36) . Thus, altered annexin A6 may actually promote damage directly in the ventricular myocytes, especially in the context of a weakened sarcolemma. In this setting, increase in ventricular mass may also reflect enhanced edema, as a consequence of increased sarcolemmal rupture. These data highlight the role of membrane repair in the process of muscular dystrophy and cardiomyopathy and underscore the importance of using sensitized strains to identify modifiers. Although these studies were designed to map modifiers of muscular dystrophy, given the known roles and patterns of expression of annexin A6, it is likely that Anxa6 is a general modifier and mediator of muscle and heart injury. SNPs within human ANXA6 have been associated with inflammatory phenotypes like psoriasis, but this genetic effect is thought to be due to the neighboring TNIP1 gene (37) . Whether these SNPs, or others within ANXA6, will correlate with muscle or heart phenotypes is yet to be determined.
Materials and Methods
Animals. Sgcg-null animals were described previously (8 (38) . Markers with P ≥ 1 × 10 −7 were removed. The parental origin of each marker was determined using DBA/2J and 129S1 strain genotype data provided by GeneSeek (39) . Potentially switched genotypes were identified using the est. rf function in R/qtl and corrected. F 3 animals meeting the following criteria were used for mapping: genotype call frequency ≥ 0.75 and total crossover events ≤ 80 (calculated using the countXO function in R/qtl).
QTL Mapping. The marker map file was created using marker position data provided by GeneSeek. Marker positions in National Center for Biotechnology Information Build 37 were converted to genetic distances in sex-averaged centimorgans using the Jackson Laboratory's Mouse Map Converter tool (http://cgd.jax.org/mousemapconverter/) (40, 41) . The genetic map of the markers used for analysis was plotted using the plot.map function in R/ qtl. QTL mapping was performed using QTLRel (14, 15) . Log-transformed values were used for phenotypes with nonnormal distributions. Identity coefficients were calculated using cic; the argument df = 0 was used. Default was used for all other arguments. Genetic matrices were derived using genMatrix and default arguments. The variance component was estimated with estVC. For the variance component, AA, DD, and EE were considered. Defaults were used for all other arguments. Missing genotypic data were imputed using default arguments for genoImpute. Genotype probabilities were calculated using genoProb and the Haldane method, gr = 2, and all other arguments with default settings. Genome scans were conducted using scanOne with default argument values and minorGenoFreq = 0.05. Sex was used as a noninteractive covariate for all phenotypes. Significance thresholds were determined by 1,000 permutation tests. QTL support intervals were estimated using lodci with cv = 2.5, lod = 1.5, and drop = 2.
Whole Genome Sequencing. Genomic DNA was isolated from the liver of four WT 129T2/SvEmsJ animals. Sequencing libraries were constructed per Illumina protocol, except the final PCR amplification was for four cycles. The libraries were quantified using the Library Quant kit from Kapa Biosystems. Pairedend 2 × 100-bp sequencing was performed on the HiSeq2000 (Illumina). Alignment to the mouse reference genome mm9, NCBI Build 37 used the Burrows-Wheeler Alignment (BWA) tool (42) , with the following arguments: −l 32 −t 4. Alignment files were converted to the SAM file format using BWA sampe. SAM files were converted to the BAM file format using SAMtools (43) RNA Sequencing. RNA sequencing libraries, starting with 500 ng total RNA, were constructed with the TruSeq RNA Sample Prep Kits v2 from Illumina on hearts from Sgcg and strain-matched controls. Five RNA samples were indexed with different adapters and pooled for paired-end 2 × 100-bp sequencing in Illumina HiSeq2000. RNA-seq reads were aligned with TopHat v2.0.2 (17) to the mouse genome, version mm9. The Tophat alignment rate was 89%, resulting in an average of 27 million reads per sample. Transcripts were assessed and quantities were determined by Cufflinks (18), using a GTF file based on Ensembl mouse NCBI37. Comparison expression levels were made using FPKM values using Cuffdiff from the Cufflinks package.
Laser Damage and Electroporation. The flexor digitorum brevis (FDB) muscle bundle was dissected and placed in DMEM with BSA plus collagenase solution. Dissociated fibers were plated on Matek confocal microscopy dishes (P35G-1.5-14-C; Matek). FM4-64 dye (T-13320; Molecular Probes) was added at 2.5 μM before imaging. Fibers were irradiated using Bleach point in the fluorescence recovery after photobleaching (FRAP) wizard protocol in LAS AF Leica Imaging Software using a 405-nm laser set at 80% power for 3 s on a Leica SP5 2 photon microscope. Single images were acquired before damage, on laser damage, every 2 s after damage, and then one image every 10 s for a total of 176 or 326 s. AVI files were compiled in Image J from individual images. Basal FM4-64 fluorescence was lower in B6 fibers than in D2 and 129 strains. Therefore, for quantitative analysis, FM4-64 fluorescence was measured at the site of injury in individual frames using Image J and adjusted to baseline fluorescence at time 0 (F/F0), allowing comparison of all strains. Flexor digitorum brevis (FDB) fibers were transfected by in vivo electroporation methods described in detail in ref. 46 . Muscle fibers were isolated as above and studied 7 d after electroporation to allow for recovery and protein expression in the electroporated muscles.
